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small	 eggs	 can	 dissipate	 heat	 quickly.	We	 tested	whether	 the	 reflectance	 of	 egg-
shells,	egg	spottiness,	and	egg	size	of	the	ground-	nesting	Kentish	plover	Charadrius 
alexandrinus	 is	 affected	 by	 maximum	 ambient	 temperature	 and	 solar	 radiation	 at	
breeding	sites.	We	measured	reflectance,	both	 in	 the	UV	and	human	visible	spec-
trum,	spottiness,	and	egg	size	 in	photographs	 from	a	museum	collection	of	plover	
eggshells.	 Eggshells	 of	 lower	 reflectance	 (darker)	 were	 found	 at	 higher	 latitudes.	
However,	in	southern	localities	where	solar	radiation	is	very	high,	eggshells	are	also	
of	dark	coloration.	Eggshell	coloration	had	no	significant	relationship	with	ambient	
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1  | INTRODUC TION
One	of	 the	most	 thoroughly	 studied	 topics	of	animal	 coloration	 is	
that	 of	melanism,	 the	 occurrence	 of	 individuals	 that	 are	 darker	 in	
pigmentation.	 Several	 hypotheses	 have	 been	 advanced	 to	 explain	







The	 steady-	state	 temperature	 that	 an	organism	 reaches	 in	 the	






anism	 is	 advantageous	 in	 cold	 climates,	 and	 lighter	 individuals	 are	









with	 temperature	 and	UV	 radiation	 are	 likely	when	 differences	 in	
body	temperature	and	UV	protection	affect	fitness	(Clusella-	Trullas,	







absences	 of	 adults	 from	nests,	which	may	be	 critical	 for	 embryos	
of	 species	nesting	at	ground	 level	 in	exposed	sites,	as	unattended	
eggs	 receiving	solar	 radiation	may	overheat	 in	a	very	 few	minutes	
(Amat,	 Gómez,	 Liñán-	Cembrano,	 Rendón,	 &	 Ramo,	 2017;	 Amat	 &	
Masero,	2007;	Grant,	1982;	Wilson-	Aggarwal,	Troscianko,	Stevens,	
&	Spottiswoode,	2016).	Avoiding	overheating	is	important	because	
high	 body	 temperatures	 denature	 proteins.	 Likely	 because	 of	 this	
there	are	some	biophysical	mechanisms	with	which	birds	may	coun-
teract	the	negative	effects	of	high	temperature	on	embryos’	over-
heating.	One	of	 such	mechanisms	 is	eggshell	 color,	as	 lighter	eggs	
overheat	less	quickly	than	darker	eggs	when	exposed	to	direct	solar	
radiation	 (Gómez	 et	al.,	 2016;	 Lahti	 &	 Ardia,	 2016;	 Montevecchi,	
1976).	However,	the	eggshell	spotting	typical	of	many	species	makes	
the	eggs	darker	 (Gómez	et	al.,	2016;	Troscianko,	Wilson-	Aggarwal,	
Stevens,	 &	 Spottiswoode,	 2016),	 so	 that	 the	 degree	 of	 spottiness	
may	 affect	 the	 rates	 of	 egg	 overheating.	 At	 least	 during	 the	 first	
moments	after	egg	exposure	to	direct	solar	radiation,	it	may	be	ex-




Eggshell	 color	 may	 also	 affect	 embryo	 viability	 through	 the	
probability	of	UV	transmittance	throughout	the	eggshell	(Veterány,	
Hluchý,	 &	 Veterányová,	 2004).	 UV-	B	 is	 strongly	 mutagenic,	 and	
most	mutations	are	harmful	(e.g.,	de	Gruij	&	Forbes,	1995).	Because	
the	eggs	 contain	 the	DNA,	harmful	mutations	 could	be	 inherited	
by	 the	next	generation	 (e.g.,	Flenley,	2011).	Darker	colors	 reduce	
light	transmittance	through	eggshells,	thus	protecting	the	embryo	
from	UV	 radiation	 (Abram	 et	al.,	 2015;	 Brulez,	 Pike,	 &	 Reynolds,	
2015;	 Gaudreau,	 Abram,	 &	 Brodeur,	 2017;	 Lahti	 &	 Ardia,	 2016;	
Maurer	 et	al.,	 2015;	 Shafey,	 Ghannam,	 Al-	Batshan,	 &	 Al-	Ayed,	
2004).	 Because	 the	 absorptance	 by	 darker	 colors	 is	 higher	 than	
that	 of	 lighter	 colors,	 this	may	 result	 in	 a	 trade-	off	 between	 the	
risk	 of	 egg	overheating	 and	 the	 risk	 of	UV	 radiation	on	 embryos	
if	 ambient	 temperature	 and	 solar	 radiation	 are	 positively	 related	
(Lahti	&	Ardia,	2016):	Darker	eggshells	would	protect	the	embryo	
from	UV	radiation,	but	in	turn	would	increase	the	risk	of	overheat-
ing.	However,	 the	 thermoregulation	 and	UV	protection	 hypothe-
ses	are	not	necessarily	mutually	exclusive,	 for	 instance	when	the	
relationship	between	solar	radiation	and	temperature	is	nonlinear,	
as	 it	may	occur	 in	 tropical	mountains	where	 radiation	 is	high	but	
temperature	low.














2013;	Bastide	 et	al.,	 2014;	 Lindstedt,	 Linström,	&	Mappes,	 2008),	
as	well	as	 in	egg	size,	 to	cope	with	solar	 radiation	 in	different	en-
vironments.	 The	 resolution	 of	 the	 above	 trade-	offs	 would	 de-
pend	 on	which	 effects	 are	more	 limiting	 on	 embryos’	 viability.	 In	
this	 study,	 we	 tested	 whether	 the	 reflectance	 of	 Kentish	 plover	
Charadrius alexandrinus	 eggshells,	 both	 in	 the	 human	 visible	 (VIS)	
and	 UV	 spectrum,	 is	 affected	 by	 maximum	 ambient	 temperature	
(which	may	 affect	 egg	 temperatures	 through	 thermal	 convection)	
















be	 smaller,	 given	 the	 thermal	 advantages	 of	 such	 eggs	 in	 hotter	
environments.
2  | METHODS
2.1 | Study species and photography
The	Kentish	 plover	 is	 a	 shorebird	widely	 distributed	 across	 the	
Palearctic.	It	nests	at	ground	level	in	exposed	sites.	Lack	of	nest	
cover	 allows	 a	 quick	 detection	 of	 approaching	 predators	 by	 in-
cubating	 birds	 (Amat	 &	 Masero,	 2004a),	 but	 eggs	 overheat	 to	
temperatures	 that	 may	 be	 lethal	 for	 embryos	 in	 <1	min	 when	 




that	 there	 may	 be	 selective	 pressure	 on	 eggs	 to	 have	 pigmen-




We	 noted	 the	 date	 and	 locality	 of	 collection	 of	 every	 clutch.	
Using	 GoogleTM	 Earth,	 we	 obtained	 the	 coordinates	 of	 those	 lo-
calities.	 The	 eggs	 had	 been	 collected	 between	 1,858	 and	 1,972,	
across	 a	 geographical	 range	 encompassing	 11.35°N–54.52°N	 and	
13.86°W–77.25°E	(Figure	2a).
Eggshells	were	photographed	following	the	protocols	of	Stevens,	






Micro-	Nikkor	 lens	 that	 transmits	UV	 (see	 Troscianko	 et	al.,	 2016).	
The	 camera	had	undergone	a	quartz	 conversion	 to	 allow	 the	 sen-
sor	to	detect	UV	light.	Using	a	Baader	UV-	IR	blocking	filter	(Baader	
Planetarium,	Mammendorf,	Germany),	we	took	photographs	in	the	









All	 images	were	 linearized	with	 respect	 to	 radiance	using	 the	 tool	
SpotEgg	 (Gómez	 &	 Liñán-	Cembrano,	 2017).	 Values	 from	 the	
Spectralon	 grey	 standard	 were	 employed	 for	 normalization	 to	
standardize	images	with	regard	to	the	illuminating	light	and	convert	








reports	with	 information	about	 reflectance	 (in	 the	 red,	green,	 and	




For	 the	 UV	 images,	 the	 sensitivity	 of	 the	 camera	 system	 (fil-











F IGURE  1 Female	Kentish	plover	(Charadrius alexandrinus)	
beside	its	nest	(photo	credit:	Xavier	Ferrer)
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in	 the	 UV	 images	 required	 applying	 a	 space-	variant	 geometrical	










that	were	 produced	 for	 the	 visible	 image.	 The	 result	was	 another	




As	measures	 of	 color,	we	 used	 the	mean	 values	 of	 the	 three	
camera	bands	 (red,	 green	 and	blue)	 in	 the	VIS,	 and	 the	 red	band	
in	the	UV.	 In	addition,	using	SpotEgg	 (Gómez	&	Liñán-	Cembrano,	







as	well	as	maximum	daily	Earth’s	 surface	 temperature	 from	NASA	
(https://eosweb.larc.nasa.gov/cgi-bin/sse/grid.cgi?email=skip@larc.
nasa.gov).	The	meteorological	data	were	on	a	scale	of	1-	degree	lon-
gitude	by	1-	degree	 latitude,	 covering	 the	entire	 range	 from	which	
eggs	 were	 obtained,	 and	 were	 averaged	 on	 a	 monthly	 basis	 over	












Generalized	 additive	 mixed	 models	 (GAMMs)	 were	 applied	
to	 estimate	 spatial	 variation	 in	 egg	 color	 and	patterning	 (Wood	&	
Augustin,	 2002).	 In	 contrast	 to	 GAMs,	 GAMMs	 permit	 spatio-	
temporal	 correlation	within	 blocks	 using	 random	effects.	 In	 order	
to	 model	 spatial	 patterns,	 we	 included	 the	 latitude	 of	 nests	 as	 a	
smoother.	Furthermore,	the	spatial	model	included	the	effect	of	the	
year	 of	 collection	 as	 linear	 covariate	 to	 test	 for	 temporal	 changes	
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in	egg	coloration	and	patterning	during	 long-	term	storage	 (Cassey,	
Maurer,	 Duval,	 Ewen,	 &	 Hauber,	 2010;	 Navarro	 &	 Lahti,	 2014).	
Finally,	 the	collection	site	names	were	considered	as	a	 random	ef-
fect,	resulting	in	a	semiparametric	mixed	model.
The	 influence	 of	 the	 environment	 (temperature	 and	 solar	 ra-
diation)	 on	 eggshell	 color	 and	 spot	 patterns	 was	 also	 analyzed	
using	 GAMMs,	 with	 collection	 site	 name	 as	 a	 random	 effect.	
Environmental	 models	 included	 year	 as	 a	 linear	 covariate	 if	 this	
variable	 was	 previously	 chosen	 in	 the	 spatio-	temporal	 model.	
Furthermore,	we	tested	the	linear	effect	of	egg	size	(surface	area-	
to-	volume	ratio)	on	egg	coloration	(Gates,	1980).	The	small-	sample-	
size	 corrected	 version	 of	 Akaike	 information	 criterion	 (AICc;	
Burnham,	 Anderson,	 &	 Huyvaert,	 2011)	 was	 used	 to	 compare	







ture	was	 also	 selected	 using	 AICc,	 but	 based	 on	ML	 estimators.	
We	restricted	the	GAMMs	to	a	maximum	of	five	knots	to	prevent	
over-	fitting.	Then,	we	checked	if	polynomial	or	linear	models	fitted	
better	 to	data	 than	GAMM.	For	 the	parametric	models,	 the	rela-
tive	explanatory	power	of	 fixed	 (insolation	and	temperature)	and	
random	 (site	 identity)	 effects	 was	 determined	 using	 conditional	
and	marginal	R2s	for	Generalized	mixed-	effect	models	(Nakagawa	
&	 Schielzeth,	 2013).	 We	 measured	 for	 concurvity	 (the	 general-
ized	 additive	model	 analogue	 to	 collinearity)	 between	 covariates	
(Hastie	 &	 Tibshirani,	 1990),	 which	may	 result	 in	 inaccurate	 esti-
mates	of	the	GAM	functions	(Ramsay,	Burnett,	&	Krewski,	2003).	
The	 level	 of	 concurvity	 varies	 between	 0,	 no	 concurvity,	 and	 1,	
total	 lack	 of	 identifiability	 (Wood,	 2017).	 In	 this	 study,	 pairwise	
values	 of	 observed	 concurvity	 between	 explanatory	 variables,	
both	 in	 spatio-	temporal	 and	 environmental	models,	 ranged	 from	









3.1 | Eggshell reflectance and spot patterns
Eggshell	 reflectance	 and	 spot	 pattern	 variables	 were	 intercorre-
lated,	except	spot	number	and	reflectances	(Table	1).	The	two-	first	
principal	 components	 accounted	 for	 85%	 of	 the	 variance	 of	 egg	
color	and	spot	pattern,	so	that	we	retained	them	for	further	consid-





spottiness	=	−0.400,	 background	 VIS	=	0.428,	 spot	 VIS	=	0.390,	
background	UV	=	0.406,	and	spot	UV	=	0.398).	The	second	princi-
pal	component	(PC2)	accounted	for	22%	of	the	variance	and	related	
to	 patterning;	 positive	 values	 of	 PC2	were	 related	 to	 decreasing	
spot	number	but	 increasing	spot	size	 (spot	number	=	−0.655,	spot	




effects	 indicate	 that	 adding	 the	 site	 as	 a	 random	 effect	 signifi-
cantly	 improved	model	performance,	both	for	eggshell	reflectance	
(∆AICc	=	3.68)	and	spot	patterning	(∆AICc	=	5.82).
The	 eggshell	 reflectance	 (PC1)	 showed	 a	 spatial	 and	 tempo-
ral	variation	(Table	2).	Despite	the	GAMM	that	 included	year	as	a	











B- VIS B- UV S- UV S- number S- size S- area
S-	VIS 0.79*** 0.63*** 0.84*** 0.12	ns −0.39*** −0.59***
B-	VIS 0.90*** 0.74*** 0.22* −0.49*** −0.66***
B-	UV 0.77*** 0.21* −0.45*** −0.60***

















For	 eggshell	 reflectance	 (PC1),	 the	 lower	 values	 of	 AICc	 were	
achieved	 when	 the	 model	 included	 year,	 egg	 surface-	to-	
volume	 ratio,	 and	 insolation	 as	 explanatory	 variables	 (Table	3).	
Temperature	 had	 no	 significant	 relationship	 with	 PC1.	 Surface	
area-	to-	volume	 ratio	 of	 the	 eggs	 was	 also	 positively	 related	 to	














6 450.59 2.24 0.206 – –
Year	+	lati-
tude
5 448.35 0.00 0.632 0.24 0.39
Latitude 4 453.16 4.81 0.057 0.18 0.39
Year 4 452.00 3.61 0.104 0.17 0.37
Null	model 3 464.12 16.12 0.000 0.00 0.37
PC2 Year	+	s	
(latitude)
6 361.12 4.24 0.061 – –
Year	+	lati-
tude
5 358.88 2.00 0.167 0.03 0.27
Latitude 4 358.68 1.80 0.168 0.01 0.27
Year 4 358.11 1.22 0.223 0.01 0.27
Null	model 3 356.89 0.00 0.381 0.00 0.27
Note.	 Parametric	 coefficients	 for	 latitude	were	 estimated	when	 the	 degrees	 of	 freedom	 for	 the	
spline	estimates	(s)	equals	1.	Collection	site	was	entered	as	an	intercept-	only	random	effect	in	both	
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area-	to-	volume	ratios	(smaller	eggs)	tended	to	be	associated	with	
lighter-	colored	eggshells.




improved	 (Table	3).	 Eggshell	 color	 became	 lighter	 from	 low	 values	
of	 solar	 radiation	 until	 reaching	 0.55	kW/m2	 (Figure	5).	 Thereafter,	
eggshell	color	varied	slightly	until	radiation	at	ground	level	was	near	








pattern	 (Table	3).	 The	 model	 with	 the	 lower	 AICc	 value	 for	 PC2	
was	 the	 null	 model	 (wi	=	0.415).	 The	 second	 best-	fit	 mixed	model	
contained	 the	 linear	effect	of	 solar	 radiation	but	 it	was	not	 signif-





















more	 slowly	when	exposed	 to	direct	 solar	 radiation	 (Gómez	et	al.,	
2016),	 and	 smaller	 eggs	 in	hot	 environments	may	 cool	down	 rela-





above	 ground	 level	 use	 nest-	building	 techniques	 as	 an	 adaptive	








9 451.83 22.85 0.000 – –
Year	+	s	(insolation)	+	s	
(temperature)
8 452.36 23.	38 0.000 – –
Sv	+	s	(insolation)	+	s	
(temperature)
8 449.81 20.83 0.000 – –
Year	+	sv	+	s	(insolation) 7 447.14 18.16 0.000 – –
Year	+	sv	+	s	(temperature) 7 447.81 18.83 0.000 – –
Year	+	sv	+	insolation3 8 442.02 13.04 0.001 0.34 0.47
Year	+	sv	+	insolation4 9 428.98 0.00 0.998 0.45 0.48




7 363.76 6.88 0.014 – –
s	(insolation) 5 360.06 3.18 0.089 – –
s	(temperature) 5 361.23 4.35 0.049 – –
Insolation 4 357.87 0. 98 0.266 0.02 0.26
Temperature 4 359.04 2. 15 0.148 0.00 0.27
Null	model 3 356.89 0.00 0.434 0.00 0.27
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external	 phenotype,	 which	 can	 mitigate	 some	 of	 these	 physical	




simply	 because	 small	 eggs	 and	 limited	 pigment	 may	 be	 two	 cor-
related	characteristics	of	eggs	laid	by	female	birds	that	are	in	poor	
condition.	 That	 is,	 individual	 females	 that	 cannot	 invest	 as	 much	
in	egg	size	 (producing	 large	eggs	 is	costly)	are	also	 limited	 in	 their	
ability	 to	 invest	 in	 pigment	 production	 (if	 pigment	 is	 costly)	 (e.g.,	
Siefferman,	 Navara,	 &	Hill,	 2006).	 However,	 this	 could	 imply	 that	
there	are	geographical	gradients	 in	the	body	condition	of	females,	
which	seems	unlikely.
As	solar	 radiation	 is	mainly	affected	by	 latitudinal	variations,	 it	
may	be	concluded	that	the	pattern	in	eggshell	coloration	is	latitudi-
nal,	with	eggshells	of	darker	color	and	lower	UV	reflectance	found	
in	 northern	 latitudes,	 although	 this	 is	 conditioned	 by	 high	 solar	
radiation	 levels	 (see	 below).	 Thermal	 constraints	may	 partly	 drive	
the	 observed	 spatial	 variation	 in	 eggshell	 coloration,	 which	 may	
be	 lighter	 to	 diminish	 the	 risk	 of	 overheating	 (Gómez	 et	al.,	 2016;	
Lahti	&	Ardia,	2016).	In	ground-	nesting	birds,	darker	eggs	can	some-
times	have	better	camouflage	than	lighter	eggs	(Gómez	et	al.,	2016;	
Troscianko	 et	al.,	 2016),	which	 suggests	 that	 ground-	nesting	 birds	
may	face	trade-	offs	between	the	level	of	egg	camouflage	and	deal-
ing	with	high	 levels	of	solar	 radiation	 (Gómez	et	al.,	2016;	Wilson-	
Aggarwal	 et	al.,	 2016).	 However,	 in	 sites	 where	 solar	 radiation	 is	
very	 high	 (>0.8	kW/m2),	 lighter	 colors	 may	 not	 be	 advantageous	
because	of	 the	higher	 transmittance	of	 light-	colored	eggshells,	as-
suming	no	variation	in	eggshell	thickness,	as	this	increases	the	risk	







lationship	 is	 reversed	at	 southern	 latitudes	near	 the	Equator,	with	
UV	radiation	being	the	main	factor	responsible	for	this	reversed	lati-
tudinal	pattern	(Bastide	et	al.,	2014),	similar	to	our	results.
We	 expected	 that	 ambient	 temperatures	 could	 have	 affected	
eggshell	coloration.	However,	there	was	no	significant	relationship	
between	these	variables,	likely	because	incubating	plovers	may	con-








gene	 flow,	 there	may	 be	 geographic	 phenotypic	 divergence	 in	 re-
sponse	 to	 changes	 in	 local	 conditions	 (Bech	 et	al.,	 2016;	 Ritcher-	























individual	 plovers	 may	 breed	 during	 successive	 nesting	 attempts.	
Indeed,	individual	shorebirds	may	move	thousands	of	kilometers	to	
breed,	 not	 only	 between	 nesting	 seasons	 but	 also	within	 seasons	
(Figuerola,	2007;	Stenzel	et	al.,	1994).	 In	addition,	under	a	climate-	
warming	 scenario,	 the	 local	 adaptations	may	 be	 altered,	 in	 which	
case	phenotypic	plasticity	might	be	an	important	mechanism	to	re-
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of	the	environment	may	interact	to	shape	spatial	gradients	 in	egg-
shell	 reflectance,	 and	 perhaps	 ultimately	 patterns	 of	 nest	 survival	
through	effects	on	nest	camouflage	(e.g.,	Skrade	&	Dinsmore,	2013;	
Troscianko	et	al.,	2016).
In	 conclusion,	 our	 study	 indicates	 that	 the	 latitudinal	 trends	
in	 eggshell	 coloration	 in	 the	Kentish	 plover	 are	 affected	 by	 levels	
of	 solar	 radiation	 at	 the	 nesting	 sites,	 thus	 supporting	 the	 color-	
mediated	heating	hypothesis.	But	solar	radiation	may	affect	the	per-
formance	of	embryos	 through	a	 two-	way	 interaction	between	the	
risk	of	overheating	and	the	deleterious	effects	of	UV	radiation.	We	
have	 studied	a	 single	 shorebird	 species,	but	different	 species	may	
show	 different	 phenotypic	 responses	 to	 the	 same	 environmental	
gradient,	meaning	that	differences	between	species	in	relative	costs	
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